Background
Casualties presenting to a deployed intensive care unit (ICU) following severe traumatic injury commonly exhibit signs of hypovolaemia and haemodynamic instability. They arrive on the ICU after damage control resuscitation and surgery 1 during which large amounts of blood products are rapidly infused. The aims of early care in this group are to control ongoing haemorrhage, optimise circulating volume status and end-organ perfusion, and to correct coagulopathy. In addition to the initial traumatic insult, ongoing losses from fluid sequestration further compromise organ perfusion unless identified and treated aggressively. Paradoxically, over-expansion of the circulating volume may lead to deleterious effects, particularly with respect to pulmonary function in patients with an evolving lung injury pattern. 2 Volume status is difficult to determine clinically and this has lead many clinicians to employ a variety of monitoring tools in an effort to clarify the clinical picture. No cardiac output monitors are currently available in the deployed UK military ICU setting. In addition, their use in general ICU practice is the subject of debate, with no consensus view that they positively influence clinical outcomes. 3 There is increasing interest within the intensive care community in the use of transthoracic echocardiography (TTE) to perform bedside assessment of haemodynamic status. Abbreviated examination schemes combine standard echocardiography windows and images to provide information on the degree of myocardial contractility, filling status and obvious pathology, particularly pericardial effusions. 4, 5 The use of such abbreviated examinations is not intended to replace a formal study, but instead to focus on areas of more immediate relevance in the stabilisation phase of treatment. These examinations have been shown to be valid in answering clinically focused questions in the critically ill or injured patient. 6 In addition, patients exposed to blast and blunt thoracic trauma may have direct myocardial injury in the form of myocardial contusions or direct blast effects. This injury pattern is difficult to assess and diagnose in the deployed setting. There is little contemporary evidence available regarding the incidence of such injuries. Echocardiography could provide a useful tool for early detection of these injury patterns. [7] [8] [9] We describe a study performed to assess the effects of focused trans-thoracic echocardiography (fTTE) on Trauma resuscitation using echocardiography in a deployed military intensive care unit
SD Hutchings, PSC Rees
Casualties with severe traumatic injury frequently suffer haemodynamic instability. There is interest in the use of transthoracic echocardiography (TTE) to assess haemodynamic status in intensive care resuscitation. We describe a feasibility study of focused TTE (fTTE) echocardiography in trauma resuscitation in a deployed military setting. fTTE was performed on patients admitted to ICU following severe injury. Data were collected on TTE view availability, LV function, volume status, and inferior vena cava (IVC) dimensions. Doppler of the LV outflow tract was performed to provide a velocity time integer (LVOT VTi) as an indicator of preload. Twenty-three patients were recruited, and 48 individual studies performed. TTE windows available were: parasternal long axis-68%, parasternal short axis-66%, apical 4-chamber-64%, subcostal-66%. IVC imaging was possible in 85%, and LVOT VTi Doppler in 37%. The mean maximal IVC diameter in volume-optimised patients (Group 1, n=19) was 2.07 cm (±0.07), compared with 1.47 (±0.06) in the hypovolaemic cohort (Group 2, n=23). The mean minimum IVC diameter in Group 1 was 1.93(±0.07) vs 1.03(±0.08) in Group 2. IVC collapsibility was 3.16% (±1.61%) in Group 1 vs 30.81%(±1.62) in Group 2. In 12%, profound hypovolaemia with systolic LV cavity obliteration was noted. fTTE suggested hypovolaemia in 69% of patients on admission to the study. Of patients arriving on the ICU following damage-control resuscitation only 31% were volume-optimised. fTTE led to a change in volume management strategy in 47% of cases. This study demonstrates, for the first time in a deployed military setting, that intensivist-delivered fTTE is feasible and changes resuscitation strategy in almost half of patients admitted to a deployed ICU.
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resuscitation of critically injured trauma patients in a Britishled military ICU in Afghanistan.
Methods
Ethical approval was gained from the Research Department at the Royal Centre of Defence Medicine (Birmingham, United Kingdom) (Reference RCDM/Res/1036/12/0147).
All patients admitted to the ICU following blast injury were included in the study. These patients had a baseline fTTE study performed with the aim of assessing contractility and looking for signs of myocardial contusion, principally regional motion abnormalities or globally impaired systolic function. All patients who required ongoing fluid resuscitation in the post-injury period had a fTTE investigation performed in order to determine volume status. This study was repeated as often as was practicable, ideally before every subsequent fluid challenge.
All studies were performed by a consultant intensivist, with experience of echocardiography gained during cardiology training and during intensive care practice. Images were obtained using a Sonosite M Turbo machine with a P21x/5-1 MHz transducer. The studies were reviewed off-line, in an anonymised fashion, by a consultant cardiologist in order to confirm or refute the initial findings. The reviewing cardiologist was blinded to patient status, injury mechanism and intensivist interpretation. There were no disparities with regards to dimensions or Doppler velocities recorded, overall LV function status, and no new regional/global wall motion abnormalities were identified on independent review.
The focused studies took the form of six standard echo windows (Figure 1 ). Ability to obtain these windows was recorded (Figure 2) . The minimum and maximum dimensions of the IVC across the respiratory cycle were recorded as well as the degree of IVC collapsibility (expressed as a percentage Table 1 Study patient demographic data and pattern of injuries. Age determination in local national patients is difficult because of widespread innumeracy. Estimates were made when no date of birth was available. IED -improvised explosive device, GSW -gun shot wound, IDF -indirect fire (mortar or rocket projectile explosion), RPG -rocket-propelled grenade PRBC -packed red blood cells (units), FFP -fresh frozen plasma (units), PLT -platelets (pools, 6 units), CRYO -cryoprecipitate (pools) NR -not recorded, BKA -below knee amputation, AKA -above knee amputation, TBSA -total body surface area.
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findings patients were characterised as volume-optimised or hypovolaemic. The minimum and maximum LVOT VTi were recorded across the respiratory cycle using pulsed wave (PW) Doppler (Figure 3) . As LVOT VTi is directly correlated with stroke volume, the change in this parameter with respiration represents a marker of preload. The variation in LVOT VTi was calculated and expressed as a percentage. Global left ventricular systolic function in all windows was assessed subjectively and any impairment was documented. Any other noted abnormalities such as pericardial or pleural effusions were documented. The impact of fTTE on patient management was characterised as either confirming existing management or changing a pre-existing management plan.
Results
There were 23 patients recruited into the study. The specifics of their injuries are listed in Table 1 . All patients were intubated and ventilated at the time of the studies. Forty-eight individual echo studies were performed, 17 on patients with blast injury as a baseline measure to assess myocardial injury. In all of these cases, there was also a clinical question regarding volume status. Thirty studies were performed to directly assess volume status. One study was performed to assess unexplained hypotension in the immediate post-operative period. 
Figure 2b
Subtle IVC collapse with respiration indicating potential for further volume expansion.
Figure 2c
Small diameter IVC with marked respiratory collapse indicative of hypovolaemia.
The number of instances that the various windows could be obtained is recorded in Table 2 . In all but one study the images obtained were sufficient to answer the clinical question posed. Additionally, enough images of the left ventricle were obtained in all but one patient to allow a subjective estimation of left ventricular systolic function.
The use of focused echocardiography led to a change in management in 23 cases (47% of all studies). This either involved the administration or withholding of resuscitative fluid.
Left ventricular systolic function was moderately impaired in only one patient. This occurred in a casualty who was injured by an improvised explosive device (IED) blast and who sustained mainly chest and abdominal injuries. He was not wearing any personal protective equipment (combat body armour). Other than this, we did not see any evidence of myocardial contusion in the blast injury cohort, of whom only three (17%) were wearing combat body armour at the time of injury.
Twenty-three studies were performed on patients immediately on arrival in the ICU following a period of damage control resuscitation and surgery. Of these patients, 16 (69%) were classed as hypovolaemic using echocardiographic measurements. Only seven patients (31%) arrived on the ICU volume-optimised, according to focused echo examination.
We trialed three methods to quantify filling status. Of these, we found that IVC diameter and respiratory variability were the most useful, quantifying filling status in 41 studies (85%)( Table 3 ). LVOT Doppler variability was recorded in only 8 patients (35%) ( Table 4 ). This view was more difficult to obtain in the majority of patients, but became easier with increasing experience. Total systolic collapse of the LV cavity at mid-ventricular level was a useful marker of severe hypovolaemia and was present in six studies (12%).
Discussion
The typical blast trauma casualty with extremity amputations usually arrives on the deployed ICU seemingly wellresuscitated and euvolaemic. These patients are almost exclusively young and many have supra-normal levels of cardiovascular fitness pre-injury. The normal response to the injury and resuscitation process is a state of marked vasoconstriction with normal or elevated arterial and venous pressures. Such a clinical picture would not induce many clinicians to follow a strategy of aggressive volume expansion. However after some hours it is not unusual to find a fall in mean arterial pressure, pronounced clinical vasodilatation and sometimes impaired organ perfusion. We found that in spite of a well-established strategy of damage control resuscitation, nearly 70% of patients arrived on the ICU with echocardiographic signs of hypovolaemia.
All the patients in this study were mechanically ventilated, many had intercostal drains and some had undergone thoracotomy. Most had laparotomies, which limited subcostal image acquisition. Despite this it was almost always possible to obtain at least one window that would provide useful clinical data. We found that focused echocardiography was easy and quick to perform, with a typical study taking less than five minutes. It became a routine part of clinical examination for patients on the deployed ICU. Because it gives a nearly instant answer to a clinical question, allows immediate visualisation of the effect of treatment and is non-invasive, it is in many ways an ideal monitor. Its main limitation is the lack of widespread training among intensivists, although this situation is rapidly changing. In this study, the intensivist investigator undertook basic TTE training during complementary specialty training, though the views and data obtained in this study could easily be achieved following an intensive course such as FEEL-UK, with some additional guidance from the operator' s local echocardiography service. A process is underway to establish the training required to allow all intensive care physicians and acute physicians to deploy with fTTE skills with which to augment deployed ICU. We feel that the image acquisition described here is well within the scope of any intensivist or anaesthetist with a special interest, and some of the Doppler acquisition will be familiar to those who have had exposure to oesophageal Doppler cardiac output monitoring.
Imaging the IVC in the subcostal view was the easiest and most reliable way to obtain information about volume status. Our findings show that those patients who were classed as volume optimised had significantly greater IVC diameters with minimal respiratory variability when compared to the hypovolaemic group. Our findings correlate with other studies which have looked at echocardiographic markers of preload dependence. 10 We found that LVOT VTi variation with respiration was substantially more difficult to obtain using fTTE but as it is directly correlated with stroke volume, it allows a useful and direct assessment of preload dependence. This technique has been described and validated for mechanically ventilated patients with acute circulatory failure. 11 Previous studies have shown that clinicians are far from expert in detecting signs of fluid responsiveness in critically ill patients. Our study demonstrated that in almost half of cases management of volume status was changed by the use of fTTE. In the absence of dedicated stroke volume monitors, clinicians rely on surrogate markers such as central venous pressure, blood pressure and systolic pressure variations to help them form opinions on a patient' s volume status. However, these values are often poorly reflective of preload responsiveness. 12 Given the nature and mechanism of injuries in this patient group, we expected to find some degree of myocardial contusion, either from the primary blast wave or from secondary effects (projectile damage, kinetic injury). Although we did not formally quantify myocardial contractility, there was virtually no subjective evidence of grossly impaired myocardial function. It could be argued that the presence of combat body armour could mitigate thoracic blast injury. However, only a small minority of our patients were wearing this protective equipment at the time of their injuries. It is possible that we may have missed more subtle echocardiographic evidence of myocardial injury, but even if this was the case, such subtle abnormalities are unlikely to have had a significant impact on patient management.
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Our study was a pilot performed to assess the feasibility of using echocardiography in a deployed environment and was subject to several limitations. We did not directly assess the effect of fluid challenges on IVC or LVOT VTi variability. Fluid challenge volumes and fluid responsiveness (in terms of VTi and IVC diameter) are being recorded as part of an ongoing follow-up study, comparing fTTE findings with traditional invasive and non-invasive volume status markers. We recognise that there is potential for operator bias resulting from the fact that a single clinician is exercising both pre-test clinical judgment and post-test hindsight. Despite this, our reported rate of changes to practice using echocardiography is in concordance with that available in the published literature. 4, 5 In conclusion we found that fTTE was a useful adjunct to continuing resuscitation in this cohort of critically injured patients. We are planning to introduce the technique to all deployed intensive care environments within the British Defence Medical Services. Planned future studies will compare outcomes in patients managed with and without fTTE-guided fluid resuscitation.
